The binding of capped RNAs to the cap-binding complex (CBC) in the nucleus, and their dissociation from the CBC in the cytosol, represent essential steps in RNA processing. Here we show how the nucleocytoplasmic transport proteins importin- and importin- have key roles in regulating these events. As a first step toward understanding the molecular basis for this regulation, we determined a 2.2-Å resolution X-ray structure for a CBC-importin- complex that provides a detailed picture for how importin- binds to the CBP80 subunit of the CBC. Through a combination of biochemical studies, X-ray crystallographic information and small-angle scattering experiments, we then determined how importin- binds to the CBC through its CBP20 subunit. Together, these studies enable us to propose a model describing how importin- stimulates the dissociation of capped RNA from the CBC in the cytosol following its nuclear export.
a r t i c l e s Eukaryotic RNA polymerase II transcripts (mRNAs and U small nuclear RNAs (snRNAs)) are modified by the addition of a 7-methyl guanosine cap-m 7 G(5′)ppp(5′)N-through a 5′-5′ triphosphate linkage. The cap serves as a recognition site for the cytosolic protein eIF4E, which has an essential role in cap-dependent mRNA translation 1 , and for the nuclear cap-binding complex (CBC), which regulates the splicing efficiency of cap-proximal introns 2 , stimulates 3′ end formation 2 as well as the export of U snRNAs and mRNAs 2, 3 and mediates a pioneer round of translation for mRNAs that are subject to nonsense-mediated decay [4] [5] [6] . The CBC comprises a 20-kDa cap-binding subunit, CBP20, and an 80-kDa regulatory subunit, CBP80. The roles of the CBC in RNA processing are mediated through its interactions with a number of proteins. For example, PHAX couples the CBC to CRM1 in the export of U snRNAs 7, 8 , and Aly bridges the CBP80 subunit of the CBC to the mRNA export complex TREX 3 . Interactions between the CBC and CstF positively affect the cleavage step in 3′ end formation 9 , and interactions between CBP80 and the poly(A)-specific RNase (PARN) inhibit mRNA deadenylation 10 . The association of eIF4G1 with CBP80 is necessary for cap-dependent translation in yeast 11 and may have a similar function in nonsense-mediated decay in mammalian cells 4 .
Members of the importin/karyopherin family of nucleocytoplasmic transport proteins also serve as binding partners for the CBC [12] [13] [14] [15] [16] . Importin-α binds to the nuclear-localization sequence (NLS) within the N-terminal end of CBP80 and participates with importin-β in the nuclear import of the CBC. The inclusion of importin-α within the cap-binding complex is well conserved from protozoa through eukaryotes 14, 15 and has been documented through multiple stages of RNA processing 16 . In addition to their roles in nucleocytoplasmic transport, the importins have also been suggested to regulate the cap-binding activity of the CBC 14 . Whereas the CBC-importin-α complex binds capped RNA with high affinity, the inclusion of importin-β into this complex seems to stimulate the release of capped RNA 14 . Likewise, importin-α has been shown to interact with the cap methyltransferase and enhance its ability to bind and modify its substrate, GpppG-capped RNA, whereas importin-β promotes the dissociation of the cap methyltransferase-RNA-importin-α complex 17 .
The interconversion between the CBC-importin-α and CBCimportin-α-importin-β complexes is regulated by the GTPase Ran, as the interaction between importin-β and GTP-bound Ran 18 causes importin-β to dissociate from the CBC-importin-α complex 14 . Given the high concentrations of Ran-GTP in the nucleus, this provides a mechanism by which the CBC binds capped RNA with high affinity in the nucleus but with low affinity in the cytosol. The ability of importin-β to trigger the release of capped mRNA from the CBC in the cytosol is a prerequisite step for the binding of capped mRNA to eIF4E, and for its translation into protein.
In the present study, we set out to gain a better understanding of how importin-β confers this important regulatory influence. We present a 2.2-Å X-ray crystal structure for the human CBC bound to a (human) importin-α molecule that lacks the importin-β-binding domain, providing a structural picture for how importin-α engages one of its nucleocytoplasmic transport cargo proteins. This and other X-ray crystallographic information, when used in combination with biochemical and mutagenesis studies, small-angle X-ray scattering (SAXS) data and analytical ultracentrifugation measurements, lead to a mechanistic model for how human importin-β binds to the CBC and stimulates the release of capped RNA. We further validate this model by showing that the binding of the importins to the CBC is essential for growth factor regulation of its cap-binding ability.
RESULTS

Structural basis for the binding of the CBC to importin-
The binding affinity of the CBC for capped RNA was reported to be dependent upon whether the CBC is complexed to importin-α, either alone or together with importin-β 14 . We reexamined the influence of the importins on the cap-binding capability of the CBC using purified recombinant preparations of these proteins ( Supplementary Fig. 1a,b and Supplementary Data) and further established that the binding of importin-α, alone, to the CBC does not alter its ability to bind cap, whereas, when importin-β binds together with importin-α to the CBC, the affinity of the complex for the cap is weakened. We therefore wanted to better understand the molecular basis by which the importins influence the cap-binding ability of the CBC.
X-ray structures have been reported for human importin-α bound to the C-terminal of the viral protein PB2 (ref. 19) , and for yeast importin-α bound to peptides representing the monopartite and bipartite NLS motifs [20] [21] [22] [23] [24] , but so far a structural picture of how importin-α engages a full-length nuclear import cargo protein has not been available. Because the ability of importin-β to bind to the CBC and weaken its binding affinity for the cap is influenced by importin-α, we set out to obtain a high-resolution X-ray crystal structure that shows how importin-α binds to the CBP80 subunit of the CBC. To do this, it was necessary to use an importin-α construct that lacked the N-terminal 69 amino acids comprising the importin-β-binding domain (designated importin-α∆IBB). In the presence of cargo, this sequence is probably disordered 21 , and indeed we obtained crystals only when it was deleted. The CBC binds importin-α∆IBB as effectively as it does full-length importin-α, as indicated by their coelution during gel filtration chromatography (data not shown). Supplementary  Figure 2 shows that the purified CBC-importin-α∆IBB complex contained a stoichiometric amount of the cap analog, similar to the CBC-importin-α (full-length) complex, as indicated by analytical reverse-phase chromatography.
We solved two X-ray crystal structures for the human CBC bound to human importin-α∆IBB (isoform importin-α1) to 2.2-Å and 3.5-Å resolution, respectively. Only the 2.2-Å resolution structure is presented here ( Fig. 1; see Table 1 for statistics). No notable structural changes were observed for the CBP20 and CBP80 subunits complexed to importin-α, when compared to the structures reported previously for the free CBC. Importin-α∆IBB contains an NLS-binding domain consisting of armadillo (Arm) repeats containing three α-helices that form a superhelical structure [20] [21] [22] [23] [24] (Fig. 1) . It is now possible for the first time to see the N-terminal 23 residues of CBP80 ( Fig. 1 above, shows the 2F o -F c map for residues 2 to 22), as this region contains the binding site for importin-α 13 . The N-terminal region of CBP80 has two NLS sequences, that is, a typical bipartite motif (represented by sticks in Fig. 1 also, see Supplementary Fig. 3a) , which bind through extensive contacts to importin-α∆IBB ( Supplementary  Fig. 3b ).
The CBP20 subunit within the CBC-importin-α∆IBB complex conforms to the classical ribonucleotide-binding domain (RNP) fold [25] [26] [27] . Although a weak electron density is detected for residues 12-15, the densities for residues 1-11 and 16-29 are not visible, nor for the residues beyond 126. These residues represent additions to the RNP fold via the CBP80 N terminus residues 2-22 CBP20 CBP80 CBP20 residues 12-15
Importin-α∆IBB Figure 1 Structural analyses of the CBC-importin-α complex. X-ray crystal structure of the CBC-importin-α∆IBB complex. CBP80 is shown as a surface (gray), whereas CBP20 and importin-α are depicted by ribbon diagrams (orange and green, respectively). Shown above in stereoview is the N-terminal region of CBP80, residues 2-22 (represented by sticks), which contains the NLS segment of this protein, along with its 2F o -F c map contoured at 1 σ. a r t i c l e s a r t i c l e s N-terminal (helices α1, α2 and α3) and C-terminal (the β4-αC loop and helix αC) insertions that are involved in binding the cap, thereby enabling the CBC to show functional specificity relative to other RNP-containing proteins 26, 27 . Most of these residues are missing as a consequence of the absence of the cap analog m 7 GpppG within the structure. In light of the results described above, as well as previous work 14 , we anticipated that the cap would be released from the CBC only when it was complexed to both importin-α and importin-β but not when it was bound to importin-α alone. However, an analysis of the crystalline contacts showed that, in the location where the cap analog should be bound to CBP20, there was instead an importin-α∆IBB molecule representing a symmetry partner in the unit cell ( Supplementary Fig. 4 ). The interaction between the importin-α∆IBB symmetry partner and CBP20 includes contacts with Arg112 and Asp114 of CBP20 ( Supplementary Fig. 4 , inset on the left; also see Supplementary Data). These residues are essential for cap binding because, when each is changed to alanine, the resultant CBC double mutant binds capped RNA with reduced affinity, as indicated by RNA gel shift assays ( Supplementary Fig. 1a , lane 9). Taken together, these findings suggested that importin-β might also directly engage the CBP20 subunit to trigger the release of capped RNA.
Importin- binds to the CBP20 subunit of the CBC
Our attempts to obtain diffracting crystals for the CBC-importinα-importin-β complex were unsuccessful and so alternative approaches were necessary to investigate how importin-β engages the CBC. We suspected that if importin-β directly binds to the CBP20 subunit to stimulate the release of capped RNA, such an interaction, in the absence of importin-α, would be weak, and indeed we were not able to detect a complex between importin-β and the CBC using standard pull-down assays (data not shown). Therefore, we turned to an agarose native gel 28 and found that importin-β binds to apo-CBC in a dose-dependent manner, as indicated by the serial reduction in the intensity of the band corresponding to free CBC and by the appearance of a band that migrates slightly faster than free importin-β ( Fig. 2a , lanes 3 to 8). On a higher-pH gel, the complex between the CBC and importin-β yields an intense band (Fig. 2a , lane 11) compared to the band representing free importin-β ( Fig. 2a, lane 10) . The addition of the cap analog m 7 GpppG resulted in the emergence of a band corresponding to the CBC when it is no longer bound to importin-β ( Fig. 2a, lanes 12-14) , consistent with the idea that importin-β binds preferentially to cap-free CBC, and also that cap analogs weaken the CBC's affinity for importin-β. Additionally, we found that the CBP20 subunit can bind directly to importin-β. Figure 2b , lanes 1-4, shows that the addition of increasing amounts of CBP20 to importin-β resulted in the formation of a complex between these proteins, as indicated by a band on the agarose gel that migrated slower than importin-β alone (under these conditions, free CBP20 did not enter the gel).
We then set out to delineate the region on importin-β that is necessary for binding to the CBC. We incubated importin-β constructs comprising residues 1-619, 1-445, 45-876, 128-876 and 305-876 with the CBC in a 1:1 ratio and then subjected the samples to electrophoresis. The importin-β 45-876 construct was able to form a complex with the CBC, as indicated by the lack of a band for free CBC (Fig. 2c, lane 9) ; by contrast, the importin-β 128-867 construct was less effective in binding to the CBC, as reflected by the presence of a weak band representing free CBC (Fig. 2c, lane 11 ). Removal of the N-terminal 305 residues of importin-β completely prevented it from binding to the CBC, again as indicated by the appearance of a diffuse band for free CBC (Fig. 2c, lane 13) . We then showed that importin-β 305-876 lost the ability to promote the dissociation of capped mRNA from the CBC-importin-α complex and, instead, formed a super-shifted band as a read-out in RNA gel shift assays (Fig. 2d, lane 5) . 
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How CBP80 and importin- bind to CBP20 and influence cap binding
The N-and C-terminal insertions in the RNP fold of CBP20 are important for cap binding 26, 27 . The X-ray structure for the CBC bound to the cap analog m 7 GpppG (ref. 27) shows that the N-terminal α1 and α2 helices from CBP20 fit into a groove within CBP80 (comprising residues Lys327 and Glu328; Fig. 3a ) that was predicted to be important for stabilizing the α2-α3 loop. This then enables Tyr20 and Tyr43 from CBP20 to participate in π-π stacking interactions required for the highaffinity binding of cap 26 (also see the structure for full-length CBP20 in Fig. 2b) , thus providing an explanation for how CBP80 strengthens the cap-binding ability of the CBP20 subunit. The importance of the C-terminal region of CBP20 in binding the cap is suggested by the finding that, when Tyr138 (see the structure for full-length CBP20 in Fig. 2b ) was changed to alanine, the affinity for m 7 GpppG was weakened 29 . In addition, the C-terminal 30 residues of CBP20 include Arg127, Gln133 and Val134, which directly contact the cap 27 .
To test whether the stabilization of the α2-α3 loop of CBP20 by Lys327 and Glu328 from CBP80 is important for high-affinity cap binding, we mutated these residues and assayed the ability of the CBC to be UV cross-linked to [α 32 P]GTP and capped mRNA. Both the CBP80-K327A E328A double mutant and wild-type CBP80 bound CBP20 equally well, as determined by co-immunoprecipitation with hemagglutinin-tagged CBP20 (HA-CBP20) from HeLa cells (Fig. 3b) ; by contrast, the CBP80-K327A E328A double mutant was unable to confer high-affinity cap binding to the CBP20 subunit, as indicated by its ineffective binding of either [α 32 P]GTP or m 7 GpppG-mRNA ( Fig. 3c,d , respectively). Moreover, RNA gel shift assays showed that deletion of the first 14 residues of CBP20, which are involved in binding to Lys327 and Glu328 of CBP80 ( Fig. 3a , inset) although none directly contacts the cap 26, 27 , compromised the ability of CBP20 to bind the cap moiety (Fig. 3e, lane 6) . Similarly, removal of the C-terminal 30 residues from CBP20 abrogated cap-binding activity (Fig. 3e, lane 7) , as did the combined removal of the N-terminal 14 residues and the C-terminal 30 residues (Fig. 3e, lane 8) .
Having established that residues 1-14 and 126-156 from CBP20 are required for high-affinity cap-binding, we wanted to know whether they are involved in the interaction with importin-β. Deletion of residues 1-14 from the N terminus of CBP20, or residues 126-156 from the C terminus, weakened but did not eliminate the binding of importin-β (Fig. 2b , compare lanes 1-4 with lanes 5-12), whereas the combined removal of the N-and C-terminal regions of CBP20 abolished CBP20-importin-β interactions (Fig. 2b, lanes 13-16 ). To ensure that the different CBP20 constructs were folded correctly, we showed that each of the Histagged CBP20 constructs can bind wild-type CBP80 as effectively as full-length CBP20 can ( Supplementary Fig. 5 ).
Structural model for the CBC-importin--importin- complex
Given what we learned from the studies outlined in the preceding sections, we would predict that importin-β, when bound together with importin-α to the CBC, should be positioned near the CBP20 subunit. Therefore, we used SAXS 30, 31 in combination with the crystal structure information available for components of this complex and analytical ultracentrifugation experiments (AUC) to see whether structural models could be developed that were consistent with our biochemical findings.
Using the program BUNCH 32 along with the available structures for the CBC-importin-α∆IBB complex ( Fig. 1) and for the importin-βimportin-α-IBB domain complex (PDB 1QGK 33 ), we added 25 'dummy residues' between Ser54 of importin-α within the importin-βimportin-α-IBB complex, and Asp79 of importin-α within the CBC-importin-α∆IBB complex, to connect the two crystallographic structures ('linker' in Fig. 4a) . A portion of this stretch of residues within full-length importin-α forms a coiled-coil structure, whereas the remainder of this segment is disordered 21 . On the basis of the length and stereochemical constraints of these additional residues, together with what we have learned regarding the contact regions between CBP20 and importin-β (see the preceding sections), the program was able to position importin-β in close contact with CBP20 and Figure 3 Interactions between the N terminus of CBP20 and its binding groove within CBP80. (a) Surface (CBP80) and ribbon (CBP20) representations of the CBC (PDB 1N52 (ref. 27)) illustrate the stabilization of the N-terminal hinge of CBP20 by residues in its binding groove within CBP80. The N-terminal region of CBP20 (which includes residues Ser11, Asp12 and Ser13, shown in dark blue) enters a groove formed by residues Lys327 and Glu328 of CBP80 (green), making contacts that stabilize residues of CBP20 in loop α2-α3 (magenta) in the cap-bound conformation. The inset shows these interactions in detail. Residues 26-36 of the N-terminal region of CBP80 are in black. (b) HeLa cells were transiently transfected with constructs encoding V5-CBP80 or V5-CBP80-K327A E328A and HA-CBP20, as indicated, for 24 h. The expressed CBP80 proteins were immunoprecipitated with anti-V5 and western blotted with anti-HA to show that CBP20 co-imunoprecipitated equally well with wild-type and mutated CBP80 (as quantified by densitometry). Immunoprecipitated CBC was assayed for UV cross-linking incorporation of [α 32 P]GTP (c) and 32 Ser11 a r t i c l e s generate models for the CBC-importin-α-importin-β complex that were in good agreement with the experimental curve. Figure 4a presents the best model obtained with BUNCH, as judged by the χ value; Figure 4b shows the agreement of the experimental SAXS curve with the curve calculated for the best model. When we manually changed the position of importin-β by moving it away from its contact sites on the CBC, and then calculated the theoretical scattering curve and compared it to the experimental data by using CRYSOL 34 , this movement provoked a marked increase in the level of discrepancy between the theoretical curve and experimental data (Supplementary Fig. 6a ). The SASREF 32 program generated models that agreed with the BUNCH results (Supplementary Fig. 6b ). The hydrodynamic ratio (R H ) and sedimentation values (s 20,w ) from the best BUNCH model were calculated using HYDROPRO 35 and compared to the same values obtained from sedimentation velocity AUC (Supplementary Fig. 7) . The calculated values of 63.2 Å for R H and 9.7 S for s 20,w agree well with the experimental values of 65.0 Å and 9.5 S for R H and s 20,w , respectively, providing further support for the model.
On the basis of these findings, together with our biochemical and mutagenesis data, as well as our structural work on the CBC-importin-α complex, we can propose a mechanistic model that describes how importin-β binds together with importin-α to the CBC and triggers the release of capped RNA (Fig. 4c ). Within this model, the central portion of the importin-β molecule serves as a contact site for the N-terminal IBB domain of importin-α (Fig. 4a) , enabling importin-β to form a complex with importin-α and the CBC. The region on importin-β containing residues 45-305 binds to the N-terminal 14 residues of the CBP20 subunit, displacing them from their contact site on CBP80 (Lys327 and Glu328). As we have shown, this contact stabilizes the α2-α3 loop of CBP20 and is essential for π-π interactions between Tyr20 and Tyr43 of CBP20 and the methylated guanosine ring of the cap moiety ( Fig. 4c, inset) . Likewise, the binding of importin-β to the C-terminal region of CBP20, although it does not directly contact Tyr138 of CBP20 (data not shown), most likely alters its position such that it no longer participates in a π-π stacking interaction with the second guanosine ring of the cap (Fig. 4c, inset) . Together, these two interactions between importin-β and CBP20 would substantially weaken the affinity of CBP20 for capped RNA and thus promote its release from the CBC.
The importins regulate cap-binding to the CBC in cells
To verify that the importins regulate the cap-binding activity of the CBC in cells, as proposed in Figure 4c , we took advantage of earlier findings that showed that growth factors stimulate the incorporation of [α 32 P]GTP into the cap-binding site of the CBP20 subunit 36, 37 . For radiolabeled GTP to be incorporated into CBP20, RNA must first be released in the cytosol, before the nuclear import of the CBC-that is, to form a pool of CBC that is RNA depleted and available for [α 32 P]GTP incorporation. Therefore, if the binding of the importins to the CBC is necessary to trigger the release of the cap (Fig. 4c) , then this interaction should also be essential for growth factor-stimulated incorporation of [α 32 P]GTP into CBP20. One way to test this would be to design an importin-β mutant that still binds to importin-α and 32 and the crystallographic structures of the CBCimportin-α complex, with CBP80 as a gray surface, CBP20 in orange ribbon and importin-β in blue ribbon (PDB 1QGR 33 ). (b) The superposition of the calculated scattering curve (magenta) of the best model obtained by BUNCH and the experimental SAXS curve (green with error bars). Below the graphic are the values for the radius of gyration, obtained by the Guinier approximation (Rg (Guinier) ; also, see inset, calculated with AutoRg, as well as an expanded version of the inset in Supplementary  Fig. 6c ) and calculated from real space by the program GNOM 44, 45 (Rg (Gnom) ). The values are comparable to the Rg calculated from the model using HYDROPRO 35 (Rg (HYDROPRO) ). Also shown are the D max obtained from the program GNOM (D max (Gnom) ) calculated p(r) and the value calculated from the model using HYDROPRO (D max (HYDROPRO) ). The Rg value calculated from the model is slightly smaller than the experimental values owing to the fact that the model was built using the incomplete X-ray crystallographic structures of all four proteins. (c) Model for importin-β-mediated release of cap. The CBC-capped RNA-importin-α complex engages importin-β in the cytosol, which has dissociated from Ran following GTP hydrolysis. Importin-β binds to this complex through its interactions with the IBB domain of importin-α and the N-and C-terminal ends of the CBP20 subunit, which triggers the dissociation of capped mRNA, as explained in the main text. 
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Importin-α Importin-β Importin-β residues 45-305 CBP80 Linker IBB domain a r t i c l e s the CBC but is incapable of stimulating the dissociation of the cap, and then see whether it blocks the growth factor-stimulated capbinding activity of the CBC. However, changes made to importin-β, such as limited deletions that affect its ability to regulate cap binding, can also weaken its binding to importin-α. As an alternative strategy, we designed a CBP80 mutant that no longer binds through its N-terminal NLS to importin-α but instead engages importin-α through an engineered stretch of NLS sequences at its C terminus. Such a CBP80 mutant, when bound to endogenous CBP20, should yield a CBC that is incapable of a growth factor-stimulated incorporation of [α 32 P]GTP, because of its inability to properly associate with the importins to release capped RNA in the cytosol. The CBP80 mutant that we generated contained alanine residues in place of Lys17 and Arg18 within the NLS sequence. A triple NLS sequence (together with a V5 epitope) was attached to the C terminus of the CBP80 double mutant, as well as to a control construct, to ensure that they would still undergo nuclear import (CBP80-K17A R18A-NLS and CBP80-WT-NLS; Fig. 5a ). We transiently expressed these proteins in HeLa cells and visualized them by immunofluorescence using an anti-V5 antibody. Unlike the CBP80-K17A R18A double mutant, the CBP80-K17A R18A-NLS mutant was localized to the nucleus (Fig. 5b) . We immunoprecipitated CBP80-WT-NLS and CBP80-K17A R18A-NLS from nuclear lysates and found that they bound to HA-CBP20 equally well (Fig. 5c, below) .
Cells transiently expressing either CBP80-WT-NLS or CBP80-K17A R18A-NLS were then serum-starved and treated with or without heregulin, a growth factor that activates ErbB2 and is effective in signaling to the CBC 36, 37 . We immunoprecipitated the CBP80 constructs from nuclear extracts via their V5 tags and assayed their associated CBP20 subunits for cap binding by the incorporation of [α 32 P]GTP. Only when the CBC was composed of wild-type CBP20 and the CBP80-WT-NLS protein did it respond to heregulin with a marked increase in the incorporation of [α 32 P]GTP (Fig. 5d) . These findings demonstrate that the interactions of the importins with the CBC indeed influence its cycle of capped RNA binding and release, which is requisite for cap-dependent RNA-processing events.
DISCUSSION
The binding of capped RNA by eIF4E is necessary for the translation of mRNA into protein and is tightly regulated by growth factor-dependent signaling pathways 1, 38 . Notably, the other major cap-binding complex in cells, the CBC, is also regulated by growth factors 36, 37 , culminating in the directional binding of capped RNAs such that the CBC undergoes a high-affinity interaction in the nucleus but then releases the RNA in the cytosol. The fact that importin-β is a binding partner for Ran-GTP, and that Ran exists in the GTP-bound state in the nucleus but in the GDP-bound state in the cytosol, provides a mechanistic basis by which these changes in the cap-binding affinity of the CBC occur. In particular, the generation of Ran-GTP in the nucleus by the Ran guanine nucleotide-exchange factor RCC1 (ref. 39 ) enables Ran to bind importin-β, which then causes importin-β to dissociate from the CBC-importin-α complex, ensuring that the CBC binds capped RNA with high affinity. It is not known whether the CBC-capped RNA complex is exported from the nucleus together with, or independently of, importin-α, but its stable association with importin-α in the nucleus has been observed by us (data not shown) and others [14] [15] [16] . However, once in the cytosol, both importin-α and importin-β can bind to the CBC-capped RNA complex, because Ran-GTP is converted to Ran-GDP by RanGAP and RanBP1 (refs. 40, 41) , thereby allowing importin-β to dissociate from Ran and freeing it to engage (together with importin-α) the CBC-capped RNA complex and stimulate the dissociation of capped RNA. In the case of capped mRNA, this is a crucial step for the events leading to protein synthesis, whereas, with U snRNAs, release from the CBC is necessary so that the cap may undergo cytoplasmic hypermethylation as part of the process of U snRNP maturation 42, 43 . The Figure 5 Binding of importin-α to the N terminus of CBP80 is necessary for growth factor-mediated changes in cap binding by the CBC. (a) Schematic diagrams depicting the different CBP80 constructs used in these studies. (b) HeLa cells were transiently transfected with different V5-tagged CBP80 constructs for 24 h. Immunofluorescence was then performed using an anti-V5 antibody, and nuclear localization was detected by Hoescht stain. (c) HeLa cells were transiently transfected with V5-CBP80 and HA-CBP20 for 24 h. CBP80 constructs were immunoprecipitated and then subjected to immunoblotting to assess complex formation between the different CBP80 constructs (above) and HA-CBP20 (below). (d) HeLa cells were transiently transfected with CBP80 constructs, serum-starved for 48 h and then incubated with (+) or without (-) 100 nM heregulin for an additional 24 h. The CBC was immunoprecipitated and the isolated CBC complexes were assayed for [α 32 P]GTP incorporation into CBP20. Above, western blot detecting the immunopreciptated V5-CBP80 proteins. Below, incorporation of [α 32 P]GTP into the cap-binding site of CBP20. Quantitation was performed by densitometry. Relative fold activation was determined by comparing the number of pixels measured for the unstimulated and stimulated incorporation of [α 32 P]GTP. The results are representative of three individual experiments. a r t i c l e s CBC-importin-α-importin-β complex, depleted of capped RNA, is imported into the nucleus where importin-β will dissociate from the complex through its interaction with Ran-GTP, clearing the way for a new capped RNA molecule to bind to the CBC with high affinity.
Recently, we found that the activation of Ran is regulated by growth factors (T. Ly, J. Wang, R. Pereira, X. Peng, Q. Feng, R.A.C. & K.F.W., unpublished data), which probably explains how they stimulate the cap-binding capability of the CBC in the nucleus 36, 37 (Fig. 5d) .
Given the roles of the importins in ensuring that the CBC binds capped RNA with the proper affinity at the right time and place in cells, we wanted to obtain a more detailed picture for how they bind to the CBC and confer their regulatory influences. Through a combination of structural and biochemical approaches, we discovered that importin-β can bind directly to the CBP20 subunit through an interaction that requires the N-and C-terminal ends of CBP20, two regions that are necessary for the high-affinity binding of capped RNA. Our biochemical characterization of the CBP20-importin-β interaction, together with the available X-ray crystal structure for importin-β complexed to the importin-α-IBB domain and our recently solved structure for the CBC-importin-α∆IBB complex, as well as the data from SAXS experiments, now enable us to put forward a mechanistic picture that describes how importin-β, by interacting with importin-α through its IBB domain, can be properly positioned to engage the CBP20 subunit and weaken its affinity for capped RNA (Fig. 4c) . Moreover, we have been able to show that these interactions between the importins and the CBC are key steps in the growth factor regulation of its cap-binding activity in cells. In the future, it will be interesting to see whether the interactions between the CBC and the importins might be directly regulated by extracellular signals. It also will be important to learn more about how the proper timing is established for the nucleocytoplasmic transport of the CBC, importin-α and importin-β, so that the release of capped mRNA from the CBC can be coordinated with the regulation of eIF4E and RNA translation in the cytosol.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. Accession codes. Protein Data Bank: Atomic coordinates and diffraction data for crystal 1 and crystal 2 have been deposited with accession codes 3FEY and 3FEX, respectively.
ONLINE METHODS
Preparation of the CBC-importin- and CBC-importin--importin- complexes.
We purified recombinant CBP20 and CBP80 coexpressed from insect cells with the cap analog m 7 GpppG (New England BioLabs) as described 27 . We purified apo-CBC, comprising CBP20 and CBP80 from insect cells (without tags), by Q-Sepharose (GE Healthcare) chromatography followed by chromatography using Butyl Sepharose (GE Healthcare) and a Hiload Superdex 200 16/60 gel filtration column (GE Healthcare).
We cloned the cDNAs encoding full-length human importin-α isoform 1 (karyopherin-α2) and the N-terminal truncated importin-α construct lacking the first 69 amino acid residues (∆IBB) into the pSUMO plasmid (LifeSensors). The C-terminal His-tagged importin-α construct used for crystallization was expressed from pET30 (Invitrogen). We cloned the cDNAs encoding full-length human importin-β1 and the deletion mutant encoding residues 305-876 into pET28. The importin-β constructs encoding residues 1-619, 1-445, 45-876 (pTYB4 vector (NEB)) and 127-876 (pQE60 (Qiagen)) were gifts from G. Cingolani. We inserted the cDNAs encoding full-length CBP20 and the deletion mutants into pET28.
We purified His-tagged importin proteins and His-tagged CBP20 by immobilized metal-affinity chromatography (IMAC) using Co 2+ -charged TALON resin (BD Biosciences), equilibrated with 30 mM Tris-HCl, pH 7.0, 300 mM NaCl, 0.3 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and a cocktail of protease inhibitors. We eluted the proteins using the same buffer plus 300 mM imidazole. The His tags were removed using the appropriate cleavage enzyme. We purified the pTYB4-cloned importin-β constructs using Chitin beads as described by the manufacturer (New England BioLabs).
We prepared the m 7 GpppG-bound CBC-importin-α complex by combining m 7 GTP-Sepharose (GE Healthcare)-purified CBC with IMAC-purified importinα, followed by further purification using the Mono-Q column (GE Healthcare) and Hiload Superdex 200 16/60 gel filtration column. We verified the presence of m 7 GpppG at equimolar concentrations using analytical reverse-phase chromatography (Sunfire C-18 reverse-phase column (Waters)) in 100 mM phosphate buffer, pH 6.5, containing 10 mM tetra-butyl-ammonium bromide, 7.5% (v/v) acetonitrile and 0.2 mM NaN 3 .
To prepare the apo-CBC-importin-α-importin-β complex, we used Histagged CBP20 immobilized on Co 2+ -charged TALON resin to pull down CBP80 that was purified from insect cells using a Q-Sepharose column. We then combined His-tagged CBP20 plus CBP80 with importin-α and importin-β at equimolar concentrations and eluted the resulting complex from the affinity column. We further purified the complex by Mono-Q chromatography followed by Hiload Superdex 200 16/60 gel filtration chromatography.
Crystallization, X-ray data collection and processing. We obtained crystals for the CBC-importin-α complex using the hanging drop vapor diffusion technique at 18 °C from the following two conditions: (i) 100 mM MES, pH 6.0, and 8% (w/v) PEG 4000 (crystal 1), and (ii) 100 mM Tris-HCl, pH 7.0, 12% (w/v) PEG 8000 and 100 mM KCl (crystal 2). Diffraction data for crystal 1 was collected on an ADSC Q-315 detector (Area Detector Systems Corp.) at NE-CAT-24-ID-C (Advanced Photon Source (APS)) with λ = 0.97918 Å. The Cornell High Energy Synchrotron Source (CHESS) station F1 was used to collect the data set for crystal 2, using a Q-210 X-ray detector (λ = 0.91790 Å).
We prepared the drops by mixing equal parts of protein and the well solution, with the initial protein concentration being 10-20 mg ml -1 . Before data collection at cryogenic temperature (100 K), crystals were soaked in cryoprotectant solution containing the mother liquor prepared with 15% (v/v) ethylene glycol. We carried out data reduction with MOSFLM 46 , followed by SCALA 47 and the HKL2000 package 48 for crystals 1 and 2, respectively.
The space group for crystals 1 and 2 is P12 1 1. They also showed similar unit cell parameters. In both cases, the asymmetric unit consists of one molecule each of importin-α, CBP20 and CBP80. The cap analog was absent in both crystal structures. We obtained the initial model for crystal 1 by molecular replacement using Phaser 49 and human CBC (PDB 1N54 (ref. 27)) and mouse importin-α (PDB 1IAL 21 ) as search molecules. For crystal 2, we used the program Molrep 50 , with the higher-resolution structure of the complex as a search molecule. Rigid-body refinement for crystal 1 followed by subsequent cycles of positional and B-factor refinements were carried out with Refmac 51 . We performed real-space refinement through inspection of the Fourier electron density maps with Coot 52 . Cycles of TLS were applied for crystal 1 as a final step of refinement. The model obtained from crystal 2 was refined with Phenix 53 . Solvent water molecules, treated as oxygen atoms, were added to only the crystal 1 model using the Coot routine 52 . We assessed the overall stereochemical quality of the final model, and the agreements between model and the experimental data, using both the program MolProbity 54 and the proper Coot tools. Analysis of the Ramachandran plot showed 98% of the residues for the crystal 1 structure were within the preferred region, 1.6% were within the allowed region and 0.4% were outliers. For crystal 2, the values were 91.5%, 7.1% and 1.4%, respectively.
Small-angle X-ray scattering data collection and rigid body modeling. We collected SAXS data for the apo-CBC-importin-α-importin-β complex at beamline 12-ID-C (Basic Energy Sciences Synchrotron Radiation Center (BESSRC) beamline) at APS. Scattering data were collected using protein concentrations of 2.5 mg ml -1 , 5 mg ml -1 and 10 mg ml -1 , at a wavelength λ = 1.0332 Å, for sample-detector distances of 0.4 m and 2 m covering the momentum transfer ranges 0.006 < s < 0.26 Å -1 , and 0.017 < s < 0.62 Å -1 , respectively (s = 4π sinθ/λ, where 2θ is the scattering angle).
We normalized the data to the intensity of the incident beam and corrected for the detector response using an in-house program. We collected five frames of 5 s and compared them for radiation damage using the program PRIMUS 55 . The same program was used to average the frames and subtract the buffer. We evaluated the different protein concentrations for aggregation by following increases in the measured R g (radius of gyration) as calculated by autoRg. As no changes were observed, the curve in Figure 4b was obtained by merging the data collected for the 2.5 mg ml -1 sample at the long detector-sample distance with the data collected for the 10 mg ml -1 sample at the short distance. We confirmed the R g by using the indirect Fourier transform program GNOM 44, 45 ; this program was also used to calculate the distribution function p(r) and D max .
We performed AUC sedimentation velocity experiments to determine the molecular weight and homogeneity of the complex used for SAXS ( Supplementary Methods) . We further confirmed the molecular weight by two approaches. The first used the dependence of the Krakty plot maximum position on the R g and the molecular weight for the case of a globular protein 56 (the coordinates were generously provided to us by the authors). The second approach used the intensity I(0) extrapolated for s = 0 for both the CBC-importin-α and CBC-importin-α-importin-β complexes.
The recently developed programs SASREF 32 and BUNCH 32 can be used such that the optimum position and orientation of the proteins that constitute a complex are determined by minimizing the discrepancy between the experimental scattering data, and the theoretical scattering curve calculated from a structural model generated by using the X-ray structures of individual components. Using both programs, the components of the tetramer (importin-β (PDB 1QGR 33 ) and the CBC-importin-α complex) were treated as rigid bodies, and the modeling of domains to the SAXS data set was done through a simulated annealing protocol 32 , where discrepancy (between the experimental scattering data and the theoretical scattering curve calculated from the model) value is given by χ: where N is the number of experimental points, c is a scaling factor, I exp (s j ) and I calc (s j ) are the experimental and calculated intensities and σ(s j ) is the experimental error at the momentum transfer s j . Two constraints were used, the distance between importin-α and its IBB domain crystallized with importin-β, and a contact between the region containing residues 45-305 from importin-β and CBP20. The program BUNCH was also used to find the probable conformation of the connection between residues 54 and 79 of importin-α by constructing a 'dummy' atom chain. We computed five BUNCH 32 and five SASREF 32 simulations and compared them visually. We used CRYSOL 34 to calculate the theoretical scattering curves for models where the subunits were manually positioned. HYDROPRO 35 analysis of the best BUNCH model used the number of values of the radius of the beads and the lowest and highest values of the radius as calculated by the program. The partial specific volume of the complex and its molecular weight, as well as the buffer density and viscosity, were calculated by the program SEDNTERP 57 .
The reconstitution of good quality envelopes or low-resolution bead models for the complex was not feasible due to its high molecular weight and inherent lack of symmetry.
